The four-color (B V R c I c ) light curves of V776 Cas are presented and analyzed using the Wilson-Devinney (W-D) method. It is discovered that V776 Cas is an early F-type (F2V) overcontact binary with a very high contact degree (f = 64.6 %) and an extremely low mass ratio (q = 0.130), which indicate that it is at the final evolutionary stage of cool short-period binaries. The mass of the primary and secondary stars are calculated to be M 1 = 1.55(±0.04)M ⊙ , M 2 = 0.20(±0.01)M ⊙ . V776 Cas is supposed to be formed from an initially detached binary system via the loss of angular momentum due to the magnetic wind. The initial mass of the present primary and secondary components are calculated to be M 1i = 0.86(±0.10)M ⊙ and M 2i = 2.13(±0.04)M ⊙ . The observedcalculated (O-C) curve exhibits a cyclic period variation, which is due to the light-travel time effect (LTTE) caused by the presence of a third component with a period of 23.7 years. The mass of the third component is estimated to be M 3 = 1.04(±0.03)M ⊙ and the orbital inclination of the third component is calculated to be i ′ = 33.1
Introduction
V776 Cas (BD+69 0121, HIP 8821, V = 9 m .09) is the brighter member of the visual binary ADS 1485. The companion, at a separation of 5 ′′ .38, is 2 mag fainter than the contact binary. V776 Cas was discovered as an eclipsing binary with a small amplitude by the Hipparcos mission (Lindegren 1997) . Duerbeck (1997) gave its spectral type to be F0, color index to be B − V = 0.525 mag and variability ranging from 8.943 to 9.090 mag in V band, but it gave the period of the binary system to be P = 0.8808 days, which was nearly twice of the actual period (P = 0.44041574 days). The binary star was observed photometrically by Gomez-Forrellad et al. (1999) who assumed the star to be an EW type undergoing marginal eclipses or an ellipsoidal variable. Their V band light curve observed by using a 14-cm telescope in Piera Observatory showed that the primary minimum was 0.019 mag deeper than the secondary one. Rucinski et al. (2001) obtained the first spectroscopic elements of the system: mass ratio q = 0.130 ± 0.004, V γ = −24.71 ± 0.69 km s −1 , (M 1 + M 2 )sin 3 i = 0.975 ± 0.026M ⊙ . They pointed out that V776 Cas was an A-subtype W UMa binary system with a spectral type of F2V. After that, photometric analysis of V776 Cas had been carried out by Djurašević et al. (2004) (Elmasli et al. (2004) ), Zola et al. (2005) and Oh et al. (2007) . D 'Angelo et al. (2006) discovered that V776 Cas was a triple system with a solar-type tertiary component, and the spectroscopic observations gave the fitted temperature to be T 3 = 6100K. They also gave the mass ratio to be M 3 /M 1 = 0.67. Ghaderi et al. (2012) also analyzed the radial velocity curves of V776 Cas and obtained its orbital parameters, which were almost consistent with those obtained by Rucinski et al. (2001) .
There are many different types of close binaries and there isn't a single formation scenario for all types. Two evolutionary mechanisms are proposed for this problem, which are nuclear evolution and angular momentum evolution (Hilditch et al. 1988 ). Webbink (1976) 's model suggested that the primary component in the binary system expanded first and filled the Roche lobe on its way to the red giant branch, then the mass transfer occurred and led the initially detached binary system to be a contact one via a case A mass transfer. However, angular momentum evolution via magnetic braking (Schatzman 1962; Mestel 1968 ) was thought as the main mechanism for the formation and evolution of W UMa-type contact binaries by Okamoto & Sato (1970 ), vant Veer (1979 and Vilhu (1982) . The possible scenario is that W UMa-type binaries are formed from low-mass detached close binaries through the loss of angular momentum due to the magnetic wind, and the binary systems will finally merged, thus blue straggles are formed (Tutukov et al. 2004) . A new method was established to compute the initial mass and orbital evolution of W UMa-type contact binaries (Yıldız & Dogan 2013; Yıldız 2014) . The results suggested that binary systems with initial mass (the initially more massive one) higher than 1.8M ⊙ evolved to be A-subtype systems while systems with initial mass lower than this became W-subtype systems. For the binary systems with initial mass higher than 1.8M ⊙ , the nuclear evolution is the principal mechanism responsible for the Roche lobe filling process, while the binary systems with initial mass less than 1.8M ⊙ evolve into the contact phase mainly due to the rapid angular momentum evolution. More detailed analyses of W UMa-type binary systems are needed to test the theory in the future.
V776
Cas is a typical A-subtype W UMa-type overcontact binary system with a closein stellar component and a distant visual component. Orbital properties of the close-in tertiary component will provide valuable information on the formation of close binaries and stellar dynamical interaction. However, the orbital period variations of V776 Cas have been neglected since it was discovered, which is a very important part for the research of contact binary stars. As discussed by Liao & Qian (2010) , the most plausible explanation of the cyclic period changes in close binaries is the light-travel time effect (LTTE) caused by the presence of the tertiary component around the binary system. And the survey of Tokovinin et al. (2006) implied that the close-in tertiary around the close binary may play an important role in the formation and evolution of close binary by shortening the orbital period of the binary system through transferring angular momentum from the central binary system. In the present paper, four color (B V R c I c ) light curves of V776 Cas are obtained and analyzed. All available times of light minimum are collected and the observed times of light minimum-calculated times of light minimum (O − C) curve is presented for the first time. Based on the spectroscopic elements, photometric analyses and the O − C fitting results, the absolute physical parameters of the close binary system and the close-in tertiary component are obtained. It will give us a comprehensive understanding to this close binary system and be an excellent target to test the formation scenario of W UMa-type contact binaries.
Observations
The B V R c I c bands light curves of V776 Cas were carried out in three nights on January 10, January 16 and February 27, 2013 with an Andor DW436 1K CCD camera attached to the 85cm reflecting telescope at Xinglong Observation Base. The coordinates of the variable star, the comparison star and the check star were listed in Table 1 . The integration time were 15s for B band, 10s for V band, 6s for R c band, and 5s for I c band, respectively. The light curves of those observations were displayed in Fig. 1 .
During the observations, the broadband Johnson-Cousins B V R c I c filters were used. PHOT (measured magnitudes for a list of stars) of the aperture photometry package in the IRAF 1 was used to reduce the observed images. Times of light minimum of V776 Cas were also observed and determined, which were listed in Table 2 . Notes. 60cm and 1m correspond to the 60cm and 1m reflecting telescope in Yunnan Observatories. 50cm and 85cm correspond to the 50cm and 85cm reflecting telescope in Xinglong Observation base.
Orbital Period Investigation of V776 Cas
The study of orbital period change is a very important part for contact binary system. However, the period change investigation of V776 Cas has been neglected since it was discovered. In the present work, all available times of light minimum are collected. Minimum times with the same epoch have been averaged, and only the mean values are listed in Table  3 . Using the following linear ephemeris,
the O − C values are calculated and listed in the fourth column of Table 3 • 01829 × E + 130.
• 9(±0.
The sinusoidal term reveals a cyclic change with a period of 23.7 years and an amplitude of 0.0109 days. The residuals from Equation (2) are displayed in the bottom panel of Fig. 2 .
Photometric Solutions of V776 Cas
As shown in Fig. 1 , the variations of light curves in four colors are continuous and have very small magnitude differences between the depth of the primary minimum and secondary one, which indicate that V776 Cas is a typical EW-type contact binary. In Fig. 1 , the light curves have been shifted vertically which will make no difference to the results of W-D program as differential photometry method is used. The phases are calculated with the following linear ephemeris: To understand its geometrical structure and evolutionary state, the B V R c and I c bands light curves shown in Fig. 1 are analyzed using the W-D program of 2013 version (Wilson et al. 1971; Wilson 1979 Wilson , 1990 Van Hamme & Wilson 2007; Wilson 2008; Wilson et al. 2010; Wilson 2012) . The numbers of observed data points used in W-D program are 624 in B band, 616 in V band, 610 in R c band, 603 in I c band, respectively.
During the W-D processing, the effective temperature of star 1 is chosen as T 1 = 7000K according to the spectral type determined (Cox 2000) . Convective outer envelopes for both components are assumed. The bolometric albedo A 1 = A 2 = 0.5 (Ruciński 1969) and the values of the gravity-darkening coefficients g 1 = g 2 = 0.32 (Lucy 1967 ) are used. To account for the limb darkening in detail, logarithmic functions are used. The corresponding bolometric and passband-specific limb-darkening coefficients are chosen from Van Hamme (1993)'s table. During the calculating, it is found that the solution converges at mode 3, and the adjustable parameters are: the orbital inclination i; the mean surface temperature of star 2 (T 2 ); the monochromatic luminosity of star 1 (L 1B , L 1V , L 1R and L 1I ); the dimensionless potential of star 1 (Ω 1 = Ω 2 in mode 3 for overcontact configuration) and the third light l 3 . The final photometric solutions are listed in Table 4 and the theoretical light curves are displayed in Fig. 3 . The theoretical light curves which haven't been contaminated by the third light is also plotted in Fig. 3 with using the dash lines. The contact configuration of V776 Cas is displayed in Fig. 4 . It has to be mentioned that the mass ratio q (M 2 /M 1 ) and the effective temperature of the primary star (T 1 ) are very important input parameters when the W-D calculations are carried out. The newly obtained mass ratio of V776 Cas was q = 0.1306 ± 0.0046 with a very high accuracy (Ghaderi et al. 2012) , which was consistent with that of Rucinski et al. Table 4 . We can conclude that it makes almost no difference to the results when the the effective temperature are set as T 1 = 7000K and T 1 = 6890K. Therefore, we use the solution of T 1 = 7000K as our final results hereafter in the paper.
Discussions and Conclusions
The light curve solutions indicate that V776 Cas is an A-subtype overcontact binary system with a very high contact degree (f = 64.6 %) and an extremely low mass ratio (q = 0.130), which indicate that it is at the final evolutionary stage of cool short-period binary. It may merge into a single rapid-rotation star, which may be the progenitor of blue straggler or FK Com-type star (Zhou et al. 2015) . The two components have nearly the same surface temperature (∆T = 80K) in spite of their quite different mass and radii. It suggests that the system is under thermal contact. Considering the orbital inclination (i = 55.4
• ) of ours and the mass function given by Rucinski et al. (2001) 
we can easily calculate the mass of the two components to be M 1 = 1.55(±0.04)M ⊙ , M 2 = 0.20(±0.01)M ⊙ . The absolute physical parameters of the two components in V776 Cas are listed in Table 5 .
As the spectroscopic search carried out by D'Angelo et al. (2006) confirmed that V776 Cas was a triple system with a solar-type tertiary component (T 3 = 6100K), the third light (l 3 ) is also included as an adjustable parameter during the photometric processing. The results suggest that the third light contributes nearly 15 % of the total luminosity and it reduces the depths of the primary and secondary minimum apparently as shown in Fig.  3 . The third component mainly radiates in R c and I c bands. According to the third light values in R c and I c filters listed in Table 4 , the color index of the tertiary component are calculated to be R c − I c = 0.32, which corresponds to a spectral type of G0V. It is consistent with the result of spectroscopic fitting. The mass of the third component is estimated to be M 3 = 1.04(±0.03)M ⊙ according to the mass ratio (M 3 /M 1 = 0.67) obtained by D'Angelo et al. (2006) . By assuming a circular orbit (e = 0.0), the projected radius of the orbit that the eclipsing binary rotates around the barycenter of the triple system is calculated with the following equation,
where A 3 is the amplitude of the O −C oscillation and c is the speed of light, i.e. , a ′ 12 sin i ′ = 1.88(±0.02)AU. The mass function and the mass of the tertiary companion are computed with the following equation,
where G and P 3 are the gravitational constant and the period of the (O − C) 2 oscillation. The orbital inclination of the third component is calculated to be i ′ = 33.1
• . The distance of the binary system to the barycenter of the triple system is calculated to be a (2007) gave consistent results. Compared with our results, they obtained a lower orbital inclination and a higher contact degree. The effective temperature of the two components were very close to each other and the third light (l 3 ) was almost negligible. These may be caused by the different mass ratio used in W-D calculation or due to the effect of different third light contamination. However, magnetic activities and mass transfer between the two components may also response to the difference among the solutions since there is a late-type component in the overcontact binary system and Oh et al. (2007) has used a spot model to modeling the light curves. As both spectroscopic observation and O − C curve analysis confirm the existence of a solar-type close-in tertiary in the close binary system, our results with a contribution of third light may be much more acceptable.
The formation and evolutionary scenario of W UMa-type binaries are still an unsolved problem in astrophysics. According to the method established by Yıldız & Dogan (2013) , the initial mass of the two components in V776 Cas are calculated to be M 2i = 2.13(±0.04)M ⊙ and M 1i = 0.86(±0.10)M ⊙ . The initial mass of the present less massive one (M 2i ) is within the mass range pertaining to the A-subtype close binaries. The initial mass of the present primary one (M 1i ) indicates that it is a late-type star, which has played a very important role for early angular momentum evolution of close binaries as magnetic braking is supposed to be the main mechanism for such stars with convective envelope. For V776 Cas, the mass loss of the secondary star is calculated to be 1.93M ⊙ and the mass gained by the primary component is 0.69M ⊙ , which also confirm the conclusion that only one-third of the mass lost by the secondary component is transferred to the primary component (Yıldız & Dogan 2013 ).
V776 Cas is the brighter member of the visual binary ADS 1485. The close binary system is even confirmed to be a triple system with a solar-type third component orbiting around the close binary system. Thus, it is actually a quadruple system. Tokovinin et al. (2006) surveyed a sample of 165 solar-type spectroscopic binaries and found that the fraction of spectroscopic binaries with additional companions is 63 % ± 5 %. The fraction had strong correlation with the periods (P ) of binary systems, which reached 96 % for P < 3d and dropped to 34 % for P > 12d. Qian et al. (2013 Qian et al. ( , 2014 thought that the existence of an additional stellar component in the binary system may play an important role for the formation and evolution by removing angular momentum from the central binary system during the early dynamical interaction or late evolution. It is possible that third-body interactions in the birth environment may help to accelerate the orbital evolution of the central binary system. Angular momentum is drained from the inner close pair either by the ejection of the tertiary companion (Goodwin et al. 2004) or through the Kozai mechanism (Kozai 1962; Fabrycky & Tremaine 2007) . The angular momentum and orbital period of the binary system will decrease, and the initially detached binary system evolves into the contact configuration during their main sequence evolutionary stage. V776 Cas is an important target for testing theories of W UMa-type bianries' formation and stellar dynamical interaction and evolution.
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